Micro Computed Tomography (CT) images of human spongiosa have recently been used for skeletal dosimetry with respect to external exposure to photon radiation. In this previous investigation, the calculation of equivalent dose to the red bone marrow (RBM) and to the bone surface cells (BSC) was based on five different clusters of micro matrices derived from CT images of vertebrae and the BSC equivalent dose for 10 m thickness of the BSC layer was determined using an extrapolation method. The purpose of this study is to extend the earlier investigation by using CT images from eight different bone sites and by introducing an algorithm for the direct calculation of the BSC equivalent dose with sub-micro voxel resolution. The results show that for given trabecular bone volume fractions (TBVFs) the whole-body RBM equivalent dose does not depend on bone site-specific properties or imaging parameters. However, this study demonstrates that apart from the TBVF and the BSC layer thickness, the BSC equivalent dose additionally depends on a so-called "trabecular bone structure (TBS) effect", i.e. that the contribution of photo-electrons released in trabecular bone to the BSC equivalent dose depends also on the bone site-specific structure of the trabeculae. For a given bone site, the TBS effect is also a function of the thickness of the BSC layer and it could be shown that this effect would disappear almost completely, should the BSC layer thickness be raised from 10 to 50 m, according to new radiobiological findings.
Introduction

The skeletal tissues at risk
The determination of equivalent dose to radiosensitive skeletal soft tissues is one of the most challenging tasks in dosimetry, because these soft tissues, the haematopoietic stem cells of the marrow, called "red bone marrow" (RBM), and the osteogenic cells on the endosteal surfaces, called "bone surface cells" (BSC) or bone endosteum, are located in the irregularly shaped marrow cavities of trabecular bone with diameters ranging from 50 to 2000 m (Spiers 1969) . "Trabecular bone plus its supported soft tissue is sometimes also referred to as spongiosa" (ICRP 1995) .
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The BSC represent the part of the marrow volume that is located within a distance of 10 m from the surfaces of mainly trabecular bone (ICRP 1979) , while the RBM occupies a part of the remaining marrow volume given by the cellularity factor (ICRP 1995) . BSC can also be found on the surfaces of cortical bone, but "because cell proliferation is greater on trabecular than on cortical surfaces, it is to be expected that malignant transformation will occur more readily in the endosteum of trabecular bone" (Spiers 1974 ). Discussion about the location and the distribution of the two skeletal tissues at risk is still ongoing with respect to the revision of the thickness of the BSC layer from 10 to 50 m, the exclusion of the Haversian canals of cortical bone, the inclusion of cortical surfaces of the medullary cavities , the consideration of trabecular bone remodelling (Richardson et al 2007) and the inhomogeneous distribution of RBM cells in the marrow (Watchman et al 2007a) .
Previous investigations of skeletal dosimetry based on micro Computed Tomography (CT) images of spongiosa
Digital CT or NMR images of human spongiosa for the purposes of skeletal dosimetry were introduced by W.Bolch and co-workers from the University of Florida (Jokisch et al 1998 , Jokisch et al 2001 , Shah et al 2003 , Shah et al 2005a .
In these studies, samples from various bone sites of human skeletons were scanned by micro CT or NMR, the resulting images were segmented into trabecular bone and marrow, and then introduced first into the EGS4 Monte Carlo (MC) code (Nelson et al 1985) , and later into the EGSnrc MC code (Kawrakow 2000a) , employing a special algorithm called PIRT ("paired-image radiation transport").
In the PIRT method particles are transported through a "macro" matrix with a voxel size of some hundred m, representing spongiosa, cortical bone and surrounding soft tissues, and at the same time through a "micro" matrix with cubic voxel sizes down to 30 m, representing the micro structure of spongiosa with segmented volumes of marrow and trabecular bone. So far this method has mainly been applied to nuclear medicine applications and only to isolated bone samples, but not to a complete skeleton embedded in a human body.
CT image-based calculations of equivalent dose to the RBM and the BSC from external exposure to photon radiation for complete skeletons embedded in human bodies have been published recently for the first time (Kramer et al 2006b) , from here on referred to as FM ("first micro") paper. This became possible due to the segmentation of spongiosa in the skeletons of the MAX06 and the FAX06 phantoms (Kramer et al 2006a) , due to the use of segmented CT images of trabecular bone, and due to the 8R cluster method introduced in the FM paper. The 8R cluster method is an algorithm especially developed to employ only the minimum amount of trabecular microstructure information necessary to describe the spongiosa voxels at runtime (Kramer et al 2006b) . For external exposure to photons the CT image-based 8R cluster approach demonstrated that previous investigations overestimated the RBM and BSC equivalent doses. This over-prediction is mainly due to the use of skeletons made of a homogeneous mixture of bone and marrow, in which the cortical bone layer becomes contributor to the equivalent dose instead of acting as a shielding for the underlying spongiosa, and for high energies additionally because of the use of the kerma approximation which ignores the secondary electron escape from the spongiosa volume.
The purpose of this study
In the FM paper, the equivalent dose to the BSC for a thickness of 10 m was determined using an extrapolation method based on the results obtained for thickness of 17.65, 30 and 60 m according to the cubic voxel resolutions of 17.65, 30 and 60 m of the CT images. The principal limitation of this method is that no reliable estimate of the systematic uncertainty of the extrapolation is possible. An additional, practical limitation of the approach is the need for at least three different micro voxel resolutions. A third limitation of the previous investigation reported in the FM paper is the fact that the micro structure information for a given voxel resolution was obtained from one vertebra sample by 3 modifying the images to achieve the required trabecular bone volume fraction (TBVF). This limitation was caused by the lack of CT images from bone sites other than vertebrae at the time of the previous investigation. As new CT images for other bone sites became available, the vertebra-based approach can now be extended.
The purpose of this study is therefore  to develop and use an algorithm for the direct calculation of the equivalent dose to the BSC layer on a sub-micro voxel scale, and  to investigate the dependence of the RBM and the BSC equivalent dose for external exposure to photons on the voxel resolution, on the segmentation method, on the TBVF and on the type of bone site.
Materials and Methods
The MAX06 and the FAX06 phantoms
The MAX06 and FAX06 phantoms (Kramer et al 2006a) are utilized in this study. MAX06 and FAX06 are updated versions of the MAX (Kramer et al 2003) and of the FAX phantoms (Kramer et al 2004) that include the extrathorarcic airways, the oral mucosa, the gall bladder, the heart, the lymphatic nodes, the prostate and the salivary glands according to the revised effective dose concept (ICRP 2007) , and also provide separately segmented regions of cortical bone, spongiosa, medullary yellow marrow and cartilage, thus permitting the use CT spongiosa images for skeletal dosimetry. The updated phantoms are made of 1.2 mm cubic voxel, and the additional segmentation was based on the original CT images from which the MAX/FAX phantoms were developed, on anatomical textbooks, and on skeletal data provided by ICRP70 (ICRP 1995) and ICRP89 (ICRP 2002) . Like MAX and FAX, the MAX06 and the FAX06 phantoms have organ and soft tissue masses in accordance with the reference data from ICRP89, but in addition skeletal tissue volumes based on ICRP89 and ICRP70. Tissue densities were taken from ICRU Reports 44 and 46 (ICRU 1989 (ICRU , 1992 . The complete description of the MAX06 and the FAX06 phantoms can be found elsewhere (Kramer et al 2006a) . In order to keep this paper to a reasonable length, only results based on the FAX06 phantom are included. When using the same spongiosa micro matrices, RBM and BSC equivalent doses for the MAX06 phantom are very similar. Table 1 presents information as far as available about the bone specimens and about the individuals from which the samples have been taken post mortem. These CT images of spongiosa have been provided by Salmon (2006) , specimen S0117, by Bolch (Shah et al 2005c) , specimens B0160 and B0260, and by Bauer (Bauer et al 2004) , all other specimens. The bone specimens were obtained from donors with no medical history of metabolic bone disease or cancer and showed no radiographic evidence of damage or bone pathologies. Introducing the CT images into the 1.2mm cubic macro voxels of the FAX06 phantom"s spongiosa requires so-called micro matrices to be extracted from the images, which are 1.2mm cubes filled with segmented micro voxels of trabecular bone and marrow.
The CT images
Specimen B0260 arrived as a parallelepiped of spongiosa with dimensions of 22.8 mm x 17.1 mm x 4.2 mm extracted from the frontal part of the skull which was then segmented into trabecular bone and marrow. The segmentation process included the following steps (Rajon et al 2006) : -median filtration with kernel size 3x3x3 to remove noise, -thresholding using image-gradient inspection -segmentation into binary images of trabecular bone and soft tissue. The micro matrix dimensions based on specimen B0260 were 20 x 20 x 20. After the removal of noise with a median filter (kernel size 3x3x3), the images were segmented into trabecular bone and marrow by using the histogram-based threshold function of the SCION imaging software (SCION 2000) . Finally parallelepipeds of spongiosa with a size of 6.7 mm x 6.7 mm x 6.0 mm and 13.3 mm x 13.3 mm x 6.0 mm have been extracted from the segmented images B2026-2226 and B1326, respectively.
Segmentation of the first three specimens in table 3 occurred with similar methods and was already described in the FM paper.
Skeletal dosimetry with a cluster of micro matrices
The 8R cluster method was introduced for the calculation of RBM and BSC equivalent doses in the MAX06 and the FAX06 phantoms for external exposure to photons, based on a cluster of 8 micro matrices containing segmented BSC voxels located between trabecular bone and marrow voxels (Kramer et al 2006b) . When a particle enters a spongiosa voxel, one of the 8 micro matrices is randomly chosen and the particle transport then occurs in that micro matrix. Continuation in a neighbouring spongiosa voxel triggers a new random selection of a micro matrix from the cluster, etc. until the particle leaves the spongiosa and enters the cortical bone shell, where the transport is then retransferred to the phantom"s macro matrix made of 1.2mm cubic voxels. The cluster of micro matrices can also be applied in a systematic-periodic manner. On entry into the spongiosa, the first micro matrix of the cluster is selected for transport. Continuation in a neighbouring spongiosa voxel occurs in the neighbouring micro matrix in the cluster, and, if necessary, the cluster as a whole is repeated to guarantee continuous transport through the spongiosa. Compared to the random selection of micro matrices, the systematic-periodic cluster method preserves coherently the cluster of spongiosa during transport. Care is taken that the TBFVs of the clusters correspond to the TBVFs of the images from which they have been extracted. For a complete description of the cluster method the reader is kindly referred to the FM paper (Kramer et al 2006b) .
Micro clusters for different TBVFs and bone sites
The amount of bone tissue contained in the spongiosa can vary significantly among different bones, different individuals and different age groups. Table 1 shows variations of the TBVF among the five vertebrae between 10.2 and 22.9%. The 7.4% TBVF observed for the iliac crest is a rather low value, but can occur for older people because of natural bone loss, while for younger individuals the iliac crest has usually a TBVF of ca. 20%. TBVFs for the most important human bones can be found in The micro sets utilized in this investigation are summarized in Table 3 . A set is represented by five micro clusters, each of which has a specific TBVF and is composed of 8 or 27 micro matrices. The first three rows of the table (17.65mv, 30mv, 60mv) list the sets already employed in the FM paper. The cluster types labelled as "mv", "ms" and "mp" were obtained by modifying the original images of a vertebra, the skull or the pelvis, respectively, to produce the TBVFs given in table 2. The modification of the images was performed with an algorithm, which uniformly adds/removes trabecular bone voxels to/from the trabecular surfaces until the desired TBVF is achieved. Cluster types denoted "orig" represent micro clusters which have the original TBVFs mentioned in table 1, while the numbers "1" and "2" are used to distinguish between vertebra B2026 and B2126, respectively.
A new BSC algorithm
In this study, the BSC volume is considered to be a 10 m thick layer on all surfaces of trabecular bone and additionally on those surfaces of cortical bone, which are in contact with spongiosa. All calculations reported here were performed with a user code, called "fax06_egsnrc", based on the EGSnrc Monte Carlo system (Kawrakow 2000a (Kawrakow ,b, 2003 (Kawrakow , 2006 and described in the FM paper (Kramer et al 2006b) . For the purposes of this investigation the fax06_egsnrc code was modified to permit the computation of BSC equivalent dose in unsegmented sub-volumes of micro voxels. In the original implementation, micro matrices were segmented into trabecular bone (TB), bone marrow (BM) and BSC voxels. In this study, micro matrices are only segmented into TB and BM voxels. Thus, for the calculation of BSC equivalent dose two problems had to be solved: The division of the energy to be deposited between the BSC and the BM sub-volumes within a micro voxel and the correct representation of BSC layers in systematically-periodically repeated micro matrices and clusters.
Energy deposition in sub-volumes of a micro voxel
For energy deposition events in BM micro voxels at run time, the new algorithm checks if the voxel has one or more TB neighbours or if it is adjacent to a cortical bone macro voxel. If not, the entire energy is scored to the RBM equivalent dose, taking into account the cellularity factor for the corresponding bone. If yes, a fraction of the volume in the BM voxel is considered to be a BSC layer and consequently the energy deposited must be distributed between the BM and the BSC sub-volumes. The main problem of the calculation of fractions of energy to be deposited in BM and BSC subvolumes comes from the fact that EGSnrc and all other general-purpose codes use the condensed history technique for charged particle transport (Berger 1963) . This is necessary because charged particles interact at a very high rate and therefore analogue (i.e. event-by-event) simulation is not practical in most cases due to the excessively long calculation times required. The condensed history method therefore combines many individual transport and collision processes into a single "step", determining changes of the particle"s energy, position and direction from appropriate multiple scattering theories at the end of the step. Thus, only the initial and final position, the direction and the energy lost in the step are known, but not the details of the curved path that connects the two endpoints of the step. One must therefore devise an algorithm for distributing the energy between the initial and final position of the step. The simplest possible approach is to connect the two endpoints with a straight line and to assign fractions of energy to the two sub-volumes based on the line segment falling into them as indicated in figure 1a . However, this may result in inaccurate estimates as indicated in figure 1b.
Figure 1a.
Five electron trajectories in a bone marrow (BM) micro voxel that has a BSC layer adjacent to trabecular bone (TB). For trajectory 1, which starts and ends in BM, the entire energy is scored into RBM. In a similar way, the entire energy deposited by trajectory 2 is collected as a contribution to the BSC equivalent dose. For trajectories 3 (starts in BSC, ends in BM) and 4 (starts in BM, ends in BSC), the energy is divided between RBM and BSC according to the path-length in the two sub-volumes. Even for trajectories such as 5, which starts in BSC, traverses the BM volume, and ends in BSC, the contributions to the RBM and BSC equivalent dose are computed according to the path-lengths in the two sub-volumes.
Figure 1b. This figure illustrates the problem of accurate computation of energy deposition for condensed history charged particle transport. Trajectory 1, although starting and ending in BM, may have portions of the curved path going through the BSC sub-volume. In a similar way, trajectory 2, which starts and ends in the BSC layer, has a portion traversing the BM sub-volume. Trajectories 3 and 4, although having the same intial and final position, have different path-lengths in the BSC and BM sub-volumes.
A more advanced method, based on a hinged step, was presented by Walters and Kawrakow (2007) in an investigation related to the faster computation of dose distributions in homogeneous phantoms irradiated by megavoltage external photon beams, a situation relevant in radiation treatment planning. An exact result can be obtained by forcing EGSnrc to go into analogue, single scattering mode, which is possible by setting the "skin-depth" parameter to a very large value. Because of the problem under consideration, the transport takes place in a micro voxel structure with 17.65-60 m resolution and because EGSnrc does not allow condensed history steps to exceed the closest perpendicular distance to a region boundary, condensed history steps will be very short, never exceeding half the micro voxel size. Thus, one can anticipate that the simpler straight-line approach will yield accurate results. To verify this assumption, a single scattering calculation was performed for a few situations and in all cases agreement with the straight-line approach was observed within statistical uncertainties. This method is exact compared to methods sometimes applied which deposit all the energy for the step in one of the sub-volume based on checking the coordinates of only the initial position of the electron (Jokisch et al 2001) . The error of this approximation could be small if one assumes that the electrons travel through the BSC volume coming uniformly from all directions. For whatever exposure condition this assumption may apply, here, for unidirectional incidence of the photons on the human body, this is certainly not the case because the flux of photo-electrons released in trabecular bone would occur preferably also in the direction of the incident photons.
BSC layer representation by systematically-periodically repeated micro clusters
The new energy deposition algorithm requires several other modifications in fax06_egsnrc. First, because now the BSC layer represents only a fraction of the volume of BM micro voxels adjacent to trabecular or cortical bone, the BM and BSC volumes must be calculated taking into account potential overlap of BSC layers at the different faces of a micro voxel. Second, because the BSC volume is no longer segmented a priori but determined at run time, the random selection of a micro matrix when entering a spongiosa voxel or when transferring the particle from one micro matrix to another, utilized in the FM paper, is no longer practical because the BM and BSC sub-volumes in micro voxels at the edges of a micro matrix would randomly change based on the random selection of the next micro Figure 2a . Illustration of the problem of repeating the same micro-matrix structure. One of the four squares represents a n x n x n cluster of micro-matrices (2x2x2 in our case). The black rectangles represent areas of trabecular bone. When the n x n x n structure is repeated to the right and bottom (and also left and top, not shown here), areas of BSC indicated by the shaded rectangles are artifically created at the edges between the n x n x n clusters (in reality, one expects that the spongiosa structure will continuously change as one moves from left to right or top to bottom).
matrix. Thus, in all investigations reported here, a systematic-periodic approach was utilized. This approach is most easily understood by imagining that initially the entire space is filled with periodically repeating clusters of n x x n y x n z micro matrices (2x2x2 or 3x3x3 in our case) and then the FAX06 phantom is superimposed replacing the micro matrices with the FAX06 macro voxels in all non-spongiosa regions.
Finally, a potential problem is the artificial generation of BSC layers when repeating a micro cluster periodically. This is illustrated in figure 2a . Each of the four squares of this figure represents one cluster of n x x n y x n z micro matrices, with the black areas indicating trabecular bone. When a cluster is repeated periodically to the right and bottom (and also left and top, front and back, not shown) the areas indicated by the shaded rectangles will be considered BSC layers. This is considered to be a potential problem because in reality one would expect a continuous variation of the spongiosa structures as opposed to the drastic change from right to the left, bottom to top, and front to back face of a micro cluster caused by the periodic repetition. To investigate this issue, 2n x x 2n y x 2n z clusters were created from the n x x n y x n z clusters by combining copies mirrored at the xy-, xz-and yz-planes as indicated in figure 2b . When repeating these new clusters periodically, there are no artificially generated BSC volumes because now the left/top/front edge of a cluster is exactly the same as the Figure 2b . Illustration of a 2n x 2n x 2n cluster of micro matrices obtained from a n x n x n cluster by combining copies of the n x n x n cluster mirrored on the xy-, xz-and yz-planes. Note that now there are no artificially generated BSC regions. Also note that there will be no artificial BSC regions when repeating this 2n x 2n x 2n structure because now the left/right, top/bottom and front/back faces are identical.
right/bottom/back edge. Calculations of the BSC and RBM equivalent doses with these 2n x x 2n y x 2n z clusters for the micro matrices in the first 3 rows of Table 3 showed agreement within statistical uncertainties (0.3% or better) with the corresponding n x x n y x n z clusters. Thus, for the remainder of the paper only results calculated with the clusters mentioned in table 3 will be reported.
Results and Discussions
Whole-body irradiations for parallel frontal incidence (AP) have been simulated with the fax06_egsnrc code for photon energies between 10 keV and 10 MeV. The minimal cortical bone thickness in the FAX06 skeleton is 1.2 mm. This implies that electrons moving in regions outside the skeleton must have at least 550 keV kinetic energy in order to enter a spongiosa voxel after passing through the cortical region. Thus, cut-off energies were set to 2 keV for photons, 550 keV for electrons in tissues outside the skeleton and 5 keV for electrons in the skeletal tissues. All EGSnrc transport parameters and cross section options were left at their default values, which are set to achieve the best accuracy EGSnrc is capable of. The number of primary photons varied between 5 and 20 million to achieve a statistical error of less than 1% for the RBM and BSC equivalent dose in the whole skeleton for incident photon energies above 30 keV. For 30 keV and smaller energies the statistical error for the BSC equivalent dose was 5% or less.
BSC equivalent dose for different voxel resolutions
Figure 3 presents conversion coefficients (CCs) between the BSC equivalent dose for a layer thickness of 10 m and air kerma free-in-air. Results are for anterior-posterior (AP) incidence as a function of the photon energy for cubic voxel resolutions of 17.65, 30 and 60 m based on modified vertebral TBVFs. The extrapolated BSC equivalent dose from the FM paper is also included for comparison. The figure clearly shows that the interpolation method, while providing a reasonable first estimate for the BSC equivalent dose, is only accurate to within about 10%. The CCs for the three resolutions often show differences greater than the combined statistical uncertainties, especially in the energy range below 150 keV. Voxel effects can be ruled out, as already discussed in the FM paper, but also because of the alternating behaviour of the CCs. The greatest values can be observed for 30 m voxel resolution, followed by 17.65 m and by 60 m. Voxel effects would cause continuous alterations when the voxel resolution is either increasing or decreasing.
Percentage differences per energy point between the 30 m CC and the two other CCs are listed in table 4. Below 100 keV the differences between 30 and 60 m voxel resolution are much greater than those between 30 and 17.65 m voxel resolution, although the differences between the voxel resolutions are roughly a factor of two for both cases. At this stage, a conclusive explanation for this observation is difficult because, apart from different voxel resolutions, the three clusters are also based on different bone sites segmented with different methods. Figure 4 presents CCs for the micro sets 26o1 and 26o2 for a cubic voxel resolution of 26 m and for original TBVFs in the spongiosa of the spine, the long bones and the pelvis. In other words, in figure  4 , the TBVFs of all bones in the two micro sets are equal, except for the two spines which show a difference of 3.8% between their TBVFs according to table 3. Below 150 keV also the two CCs for the 26o1 and 26o2 micro sets presented in figure 4 show differences greater then their combined statistical errors. These differences, listed in table 5 as function of the incident photon energy, are smaller than those seen between 30 and 60 m voxel resolution in table 4, but they are of the same order as, and often even larger than, the 30 / 17.65 m differences. Figure 4 suggests that these differences are caused by the different TBVFs for the spines, because voxel resolution, segmentation method and the TBVFs for all the other bones are the same for the two CCs. To see if this explains the whole difference, one has to investigate these CCs for equal TBVFs. The percentage differences per energy point between the two CCs can be seen in table 6. They are slightly smaller than those listed in table 5, which suggests that equal TBVFs are responsible for this small decrease. However, the differences one observes are still greater than the combined statistical errors, although the two micro sets have the same voxel resolution, the same TBVFs, come from the same donor and have been segmented by the same method. Similar percentage differences were found for the CCs 26mv1p and 26mv2p (not shown), where the 20% TBVF for the pelvis was derived from the original images of the iliac crest and not from the corresponding vertebrae. Perhaps the number of micro matrices in the cluster is not large enough to capture the essential spongiosa structure? This hypothesis would suggest that a larger cluster would lead to a decrease of differences between micro sets obtained in exactly the same way but from different bone sample.
BSC equivalent dose for the same voxel resolution and with original TBVFs
13 Table 6 . Percentage differences between CCs shown in figure 5 3.4 BSC equivalent dose for clusters with 27 micro matrices Figure 6 presents the CCs for the micro sets 26mv1_27 and 26mv2_27 for a cubic voxel resolution of 26 m and for equal TBVFs in all bones, derived from two different vertebrae of the same donor but now with 3 x 3 x 3 = 27 micro matrices in the clusters, i.e. a larger coherent volume of spongiosa has been extracted from the vertebral images B2026 and B2126 compared to the clusters based on 8 micro matrices. . BSC equivalent dose per air kerma free-in-air in the FAX06 skeleton as a function of the photon energy and AP incidence with the same cubic voxel resolution and TBVFs, derived from different vertebrae of the same donor, but with 27 micro matrices in the clusters. As for the percentage differences, table 7 presents the same pattern as already observed in table 6 for the data of figure 5, which shows basically no significant differences above 150 keV where the photoelectric effect is negligible, however clear differences greater than the combined statistical errors for incident photon energies below 150 keV. . RBM equivalent dose per air kerma free-in-air in the FAX06 skeleton as a function of the photon energy and AP incidence for the micro sets 17.65mv, 30mv, 60mv, 60ms, 26o1, 26o2, 26mv1 and 26mv2 with 8 micro matrices, and 26mv1_27 and 26mv2_27 with 27 micro matrices. Figure 7 presents CCs between the RBM equivalent dose and air kerma free-in-air for AP incidence as a function of the photon energy for the micro sets shown in table 3, except for 26mv1p and 26mv2p. All RBM CCs agree within the combined margin of their statistical errors. It seems that apart from voxel resolution, TBVF, segmentation method and donor, the specific trabecular bone structure of the bone site may not influence the RBM, but indeed the BSC equivalent dose, which is reinforced once more in the summary figure 8, which combines all BSC results presented so far. For incident photon energies up to 150 keV, the BSC equivalent dose is strongly influenced by the flux of secondary photo-electrons released by photon interactions in trabecular bone, which then enter the marrow cavities. The ranges of such electrons are short and therefore the dose enhancement one observes near a trabecular bone surface quickly disappears at larger distances. Thus, one can expect that by increasing the BSC layer thickness the differences seen in figures 5 and 6 will decrease. Additionally, the RBM equivalent dose should be basically independent from the specific trabecular bone structure for all incident photon energies, at least as long as the RBM equivalent dose is calculated as the average equivalent dose to the remaining marrow weighted by the cellullarity factor. This is exactly what figure 7 demonstrates. According to this interpretation of the differences observed for the BSC equivalent dose in figures 4, 5 and 6 or 8, if the thickness for the bone endosteum would be raised to 50 m, one should see a decrease or perhaps even a disappearance of the dependence of the BSC equivalent dose on the trabecular bone structure.
3.5 BSC equivalent dose for 50 m layer thickness Figure 10 presents CCs between the BSC equivalent dose and air kerma free-in-air for AP incidence as a function of the photon energy for the micro sets 60mv and 60ms calculated for 10 and 50 m thickness of the BSC layer. The percentage differences decrease as expected when the BSC thickness is raised from 10 to 50 m, which can also be observed from the comparison shown in table 8, where mv10/ms10 and mv50/ms50 represent the BSC equivalent dose differences between the vertebrabased (mv) and the skull-based (ms) micro cluster for 10 and 50 m BSC thickness, respectively. In other words: Similar to the observations already made for the RBM equivalent dose, increasing the BSC thickness from 10 to 50 m would make also the BSC equivalent dose basically independent from the specific properties of the trabeculae for external exposure to photons, if one can accept variations of up to 2% for energies above 30 keV. For the 10 m thickness these variations would be up to 5%.
Stylized spongiosa
Efforts have been made to develop adult human phantoms and to calculate skeletal tissue masses based on recommendations published by the ICRP (Kramer et al 2003 , 2006a , Watchman et al 2007b , Schlattl et al 2007 , some of which eventually will become ICRP reference phantoms or reference masses. The interesting question is: How will human reference spongiosa be defined for the purposes of skeletal dosimetry? Will it be the trabecular bone structure of a specific bone specimen, such as B0160 or S0117? And once reference TBVFs have been determined, how will they be realized in a trabecular bone specimen? By the method used in this study, for example? While it is relatively easy to design form, shape and volume of a reference liver, for example, it seems rather complicated to perform a similar task by modifying the spongiosa of lumbar vertebrae from different bone sites or donors in order to design a reference spongiosa for vertebral bodies. Also, considering that for given TBVFs the results of this investigation demonstrate that the RBM equivalent dose is independent of the specific trabecular bone structure, segmentation method and details of image acquisition, whereas the BSC equivalent dose depends indeed probably on all these parameters, thus suggesting that any "reference spongiosa" attempt will always imply BSC equivalent doses not more accurate than the 2-5% variations observed here, why then not model human spongiosa as stylized spongiosa, i.e. having cavities with a well defined volume, shape and spatial distribution? . BSC equivalent dose for 10 m layer thickness per air kerma free-in-air in the FAX06 skeleton as a function of the photon energy and AP incidence for micro set 26mv2 and for stylized micro sets with cubic cavity sizes between 30 and 360 m.
To investigate such a possibility, artificial micro clusters were created by randomly placing rectilinear marrow cavities within trabecular bone until the desired TBVF was reached. Different sizes of the randomly placed cubic bone marrow cavities were used to obtain clusters with 8 micro matrices ranging between 30 m and 360 m cubic cavity sizes. Figure 11 shows the 10 m BSC equivalent dose for these stylized spongiosas and for comparison also the CC 26mv2 from figure 4. Two very interesting observations can be made. First, within a margin of 2% the BSC equivalent dose becomes basically independent of the cavity size for cubic cavities of 120 m or larger, i.e. for cavity sizes typically found in human spongiosa, and the "stylized" results are absolutely comparable to the data based on a real bone specimen. Second, the differences between the BSC equivalent doses for cubic cavity sizes of 120 m or greater computed with these artificial micro clusters are also comparable to the differences between BSC equivalent doses observed for the CCs of the real bone specimens shown in figures 4 to 6. Thus, a stylized spongiosa made of cavities with well-defined volumes, shape and spatial distribution may serve as a reference microstructure for skeletal dosimetry. It is worth noting that a similar approach has been made for skeletal dosimetry for internal exposure to electrons by Gersh et al (2006) where the marrow cavities had the form of spheres.
Conclusions
With respect to the purposes of this study mentioned above, the following conclusions can be drawn:
a) The algorithm introduced here, allows for a direct calculation of the BSC equivalent dose in sub-volumes of micro voxels based on the partitioning of the linear electron step length according to the distances travelled in the BSC and BM sub-volumes, respectively. The algorithm can be adapted to any Monte Carlo investigation which has to score energy or any other quantity in sub-volumes of voxels. For example, to the calculation of the skin equivalent dose in a thin layer on the body"s surface, which is often smaller than the thickness of a voxel.
b) The assumptions made about the distribution of the BSC in the human skeleton led to the application of the systematic-periodic (SP) instead of the random (R) selection of micro matrices from the cluster in order to preserve coherently the structure of the spongiosa for the BSC equivalent dose calculation, especially at the boundaries with cortical bone. Both selection modes had been introduced earlier (Kramer et al 2006b) .
Increasing the number of micro matrices from 8 to 27 did not change the results for the equivalent doses to the RBM and the BSC. Therefore, the 8 SP cluster method will be the method of choice for future studies in skeletal dosimetry.
c) The results for the whole-body RBM equivalent dose for external exposure to photons presented in this study have shown that this quantity does not depend on the voxel resolutions, segmentation methods, and bone sites used here, thereby confirming an observation already made in the FM paper. Additionally this study has demonstrated that the whole-body RBM equivalent dose also does not depend on moderate variations of the TBVFs. This may look differently, of course, if one considers in the future partial body exposures, for example, of the pelvis for PA incidence with the original TBVF of 7.4% on the one hand and with the modified TBVF of 20% on the other hand.
d) Because of the thickness of only 10 m and the close proximity of the BSC to the surface of trabecular bone, the BSC equivalent dose is in principle much more sensitive to the properties or changes of voxel resolution, segmentation methods and bone site-specific trabecular bone structure than the RBM equivalent dose. Although a clear dependence of the BSC equivalent dose on the voxel resolution was not observed in this study, a corresponding investigation would require CT images of one and the same trabecular bone sample scanned with different voxel resolutions. The same argument applies to the segmentation method. Such images are currently not available.
e) In this study, it was possible to observe a "trabecular bone structure (TBS) effect" for the BSC equivalent dose, which can be interpreted as bone site-specific influence of the trabeculae on the flux of photo-electrons into the marrow cavities even if voxel resolution, segmentation method and TBVFs are equal. It was possible to demonstrate that for a given bone site this TBS effect depends on the thickness of the BSC layer.
In particular it was shown that the TBS effect almost disappears if the BSC reference thickness would be raised to 50 m.
f) Although the use of CT images of real trabecular bone samples will surely continue for some time, it is perhaps nevertheless worthwhile looking into the issue of "stylized spongiosa" for the purposes of reference dosimetry. Preliminary results have been shown in this study, yet more investigations also for the RBM and other exposure conditions are necessary. When human phantoms and skeletal tissue masses are getting normalized, it is difficult to imagine that reference skeletal dosimetry in the area of radiation protection would be based on specific bone samples from a specific individual with arbitrary TBVFs.
Acknowledgement
